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SUMMARY

An icing investigation was conducted in the ILewls iclng research
tunnel to determine the genersl de-lcing and runmback characteristics of
three production samples of electric rubber-clad cyclic de-icing boots.
The boots were all designed for the same Jet airplane and, hence, were
of the same type and were designed to operste at the same wvalues of
power density, heat-on time, and cycle ratio. The basic differences
among the verious boots were in the arrangement and construction of the
heater-resistance elements. ZFach boot employed chordwise shedding and
contalned s parting strip designed for continuous hesting.

The over-all de-lcing characteristlics of two of the boots investli-
gated were quite similer. The de-icing protectlion afforded by the boot
having small unheated areas existing between segments was slightly less
than that of the other two boots. The over-all runback characteristies
of the boots were similar for the lcing condltions under which the per-
formance was evalusted. The critical areas for all boots investigated
were the most forward cycled segments on the upper and lower surfaces
(located adjacent to the parting strip). While operating at design
power densitles and at an asngle of attack of 2°, the range of free-
stream total temperatures at which the icing protection afforded by the
various boots became marginal was from 12° to 15° F for an icing condi-
tion having a free-stream velocity of spproximately 395 feet per second,
a liquid-water content of 0.5 to 0.6 gram per cublc meter, and a droplet
diameter from 12 to 14 microne.

INTRODUCTION

The NACA Iewis lsboratory ls currently engaged in a general inves-
tigation of cyclic de-icing of airfolls, which includes the study of
various heaters and methods of heating the surface susceptible to icing.
Cyclic de-~icing of airfoils 1s that method of thermsl ice prevention
whereby ice is allowed to form on the airfoil for a relstively short
period of time; heat 1s then spplled at a rate sufficlent to melt the
bond between the ice and the airfoll surface and allow aerodynamic
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forces to remove the ice. TUpon lce removal, heat is discontinued and
the surfsace is allowed to coocl and agaln to accumulaste ice. The cycle
is repeated at regular intervals. The principal advantage of the
cyclic system over the continucusly heated system 1ls the large saving
realized in over-all input power requirements (ref. 1).

Inesmuch as previous NACA cyclic de-icing studies (refs. 2 and 3)
have all employed models designed specifically for research purposes,
this ilcing investigetion was conducted to determine the lcing-protection
performance and runback charscteristice of three samples of actual pro-
duction de~lcing boots. The boots were investigated at two values of
angle of attack and free-stream velocity over a range of free-stream
total temperatures, liquld-water contents, and droplet sizes.

APPARATUS AND PROCEDURE

Three de-icing boots, which are of the same type but differ con-
siderably in comstruction and arrangement of hester-resistance elements,
were included in the investigation. Although the internal construction
of the varlous boots differs, the boots are all designed to meet the
same deslign and operating specifications. They are of the cyelic,
electric, rubber-cled type, and all sre designed for the same fighter-
type Jet airplane., Each boot is 1/8 inch thick (with 0.020-in. rubber
over the resistance elements), and each contains a parting strip
l%-inches wilde designed for continuous operstion at a power density
of 13.0 watts per square inch. The design power density for the cycled
areas of the variocus boots is 21.0 watts per square inch. All boots
were spproximately 28 inches long (spanwise) and extended spproximately
12 to 13 inches along the upper and lower surfaces of the airfoil model.
A photograph showlng two de-icing boots mounted on the airfoll model _
employed in the Investigation 1s shown in figure-.l. Two different boots
were mounted simultaneously on the model in order to obtaln a better
comparison of the performance characteristics of the boots under identl-
cal icing conditions.

Whereas previous NACA investigations of cyclic de-icing have all
employed modele using the principle of spanwise shedding, the boots
included in this investigetion employed the principle of chordwlse shed-
ding of ice. Chordwise shedding differs from spanwilse shedding only in
the manmer in which the cycled portions of the boot are divided into )
segments. A sketch showing two hypothetlcal de-1icing-boot installations
on the wing of the same fighter-type Jet aircraft i1s shown in figure 2.
The boot shown in figure Z(a) provides spenwlse shedding of lce, whereas
the boot installation shown in figure 2(b) provides chordwlse shedding.

98L2
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If the boots are assumed to be compareble in every respect, the
boot employlng spanwise shedding might operate as follows: Heat is
first applied to cycled area 1 (upper and lower surface) for a specified
period of time. When heet is discontinued on area 1, it is immediately
gpplied to ares 2; proceeding in & spanwise direction wmtil all areas
have been heated. For the case of chordwise shedding (fig. 2(b)), the
boot is divided into six segments distributed three on the upper and
three on the lower surface of the airfoil. Heat might again be applied
first to ares 1, then to area 2, and so forth, progressing in a chord-
wilse direction across the upper surface of the alirfoll and then in like
manner across the lower surface.

For purposes of ldentification throughout this report, the three
boots employed in the investigation ere labeled A, B, snd C, and the
cycled segments of each boot are lsbeled as shown in figure 3. The
first letter of the segment notation (A, B, or C) denotes the boot which
contains the segment; the second letter (U or L) denotes upper or lower
surface; and the number in the segment notation indicates the relative
position of the segment with respect to the parting strip. For example,
segment BUZ2 is the second segment of boot B aft of the parting strip
on the upper swface of the sirfoil.

X-ray photographs showing the internal construction of each boot
employed in the investigation are shown In figuwre 4. The photographs
show a small representative area of each boot and are four-fifths scale
reproductions of the internal constructlion of the boots., Boot A
(fig. 4(a)) includes a parting strip and six cycled segments evenly dis-

tributed sround the airfoil. Each segment is approximately 3% Inches

wide (chordwise). The solid resistance wires of the cycled segments run
in a chordwise direction, that 1s, parallel to the alr flow with the
boot mounted on the model. The power leads shown lie benesth the resist-
ance wires with a layer of insulation between the resistance elements
and the power leads. The heavy dark sreas ere bus bars to which the
resistance wires are soldered. Approximately 1/8 to 3/16 inch of unheated
area exists between the bus bars of adjacent segments of the boot.

Boot B (fig. 4(b)) also consists of a parting strip and six cycled
segments, with the segments srranged in a menner very similer to that
described for Boot A. All cycled segments are spproximately 4 inches
wide, with the exception of segments BU3 end BL3, which are 3.1 inches
wide. All heater wires, however, are stranded, run in a spanwise direc-
tion, and woven into a heavy fabric. Hence, as a result of weaving,
when the fabric 1s sandwiched between two layers of rubber, the resist-
ance wires present & pattern similar to a shallow sine wave in & plane
perpendicular to the outer surface of the boot.
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Boot C (fig. 4(c)) consists of a parting strip and eight cycled
segments, arranged four segments on each side of the parting strip. The

segments are approximately 3% inches wide in the chordwise direction,

except segments CU4 and CI4, which are approximately l%g inches wide for

the boot used in the investigation. The solid heater wires are crimped
(sine-wave configuration) in a plane parallel to the outer surface of
the boot to compensate for dimensional changes due to heating or flexing.

Boots A and C were cured on stainless-steel platens and, hence,
possess a smooth and rather glossy surface. Boot B was cured on holland
cloth, which resulted in a very fine textured cloth-llke appearance of
the surface. C :

The cycling of the boots was accomplished by means of an automatlc
timer designed to provide a normsl cyclé ratio of 10 for an individual
segment of the cycled areas, The timing for a normal cycle for each
segment of a boot was spproximstely 1l0-seconds heat-on, 90-seconds heat-
off, This timing was changed, however, from time to time during the
courge of the investligation by manusl switching of the timer circuit.

The cycling was identical for the three boots Investigated and was
done in the following prescribed manner; Cycling began with the appli-
cation of heat to segment Ul (see fig. 3). The instant heat was termi-
nated on Ul, 1t was appllied to U2, and so on, progressing in a chordwise
direction ascross the upper surface of the airfoil. The instant heat was
terminated on the most rearward segment on the upper surface, it was
applied to segment L1 and progressed across the lower surface. After
epplication of heat to the rearmost segment on the lower surface, cycling
was discontinued snd i1ce was allowed to form on the alrfoil. The complete
cycle was repeated at reguler intervals. The parting strip was contin-
uously hested throughout the icing investigation.

The internal circultry of the bootvs was quite similar. The cir-
cuitry of each segment of each boot (including the parting strip) was
arranged 1n a series-parallel circult as shown by the schematic diagram
presented in figure 5. For boots B and C, several sets of individual
heater wlres srranged in perallel were wound back and forth spanwise in
each segment of the boot. At the spanwlse end of each segment, the wires
were fastened to electrically conductive strips. In general, the method
of constructlion employed for boot A was similar to that employed for
boots B and C, except that in thils case, the sets of wires ran back and
forth chordwise and were fastened to bug bars which ran in a spanwise
direction (see fig, 4). The location of bus bars shown in figure 5 is
representative of boots B and C. All ségments of the boots were inter-
nally connected to a common ground.

g
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The model employed in the lcing investigetion of the various boots
was an NACA 65-213 airfoll section having a 9.3° leading-edge sweepback,
an 82,3-inch chord at the center line, and a 71l-inch total span. The
model is symmetrical about the center line and was mounted vertically
in the 6- by 9-foot test section of the icing resesrch tunnel. The air-
foll was constructed simllarly to an actual wing section of the perticu-
lar fighter-type Jjet airplane for which the boots were designed and,
hence, incorporated taper in addition to the leading-edge sweepback. A
schematic drawing of the model employed in the investigatlion is shown
in figure 6.

The boots were mounted on removeble leadlng edges (1/8 -in, gluminum
skin) to facilitate installstion of the boots. Boot A, which was arbi-
trarily chosen as a standard for comparison, was mounted on the upper
helf of the airfoil model (fig. 1). Boots B and C were mounted alter-
nately on the lower portion of the model., A hot-air anti-icing cuff wes
provided to prevent the formaetion of ice on the unheated area between
the two boots.

The instrumentation of the boots employed in the investigation was
rather limited in scdpe, consisting of only two thermocouples for each
segment of a boot. The surface thermocouples conslsted of 30-gege iron-
constantan wire rolled into ribbons gpproximately 0.0025 inch thick.

The ribbons were buti-welded and leid chordwilse over the surface of the
boot with the Junction located st the approximate center of each segment.
Thermocouples were also installed In the aluminum sgkin underneath the
boot at the approximste center of the boot segments.

The performence of the boots was studied for a constant free-stream
veloclty of approximately 385 feet per second, with the exception of one
run that was conducted at a lower free-stream velocliy of 288 feet per
second. The angles of attack employed were 2° and 6°. The free-stream
total temperature was varied from 0° to 25° F,. and the liquid-water con-
tent from 0.20 to 1.8 grams per cubilc meter.

RESULTS- AND DISCUSSION

The results presented herein were obtalned largely from visual
observations and photographs of icing of the various boots. TIn certain
instances, surface-tempersture data were obtained in conjunction with
the visual and photographic data. Although these tempersture data are
not availeble for each test conditlon investigated, sufficlent data are
available to evaluate the over-sll performance characteristics of the
boots.
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Boot Surface Temperatures

Typical surface-temperature distributions measured in dry air and
in a moderate icing condition for boots A, B, and C are presented in fig-
ure 7. The curves were obtalned with the boots operating on normael cycle
and at design power densities. Normal cycle indicates a heat-on time of
approximately 10 seconds and a cycle ratio of 10 for an individual cycled
segment of the boot. All temperatures presented in figure 7 are pesk
temperatures measured at the instant power was discontinued on a particu-
lar segment of the boot, Surface temperature is plotted sgainst s/c,
‘where s/c is the ratio of surface distance (measured from the leading
edge) to the chord length measured at the planes of instrumentation,
expressed 1in percent. The surface-temperature distribution obtained for
each boot opereting in dry air at a free-stream total temperature of
- 15° ¥, 8 free-stream velocity of 396 feet per second, snd an angle of
attack of 20 is presented in figure 7(a). The maximum surface tempera-
ture measured for all three boots occurred at values of s/c between
zero and 4.0 percent on the lower surface. The minimum surface tempera-
tures occurred on the upper surface of the boota., The variation in sur-
face temperature for each boot ranged from approximately 20° F for boot A
to more than 40° F for boot B. '

The variation of surface-tempereture distribution measured for
boots A, B, and C in an icing condition is plotted in figure 7(b). The
data shown are for a liquid-water content of 0.57 gram per cubic meter
and a droplet diameter of 12 microns. The lowest surface temperature
measured in iclng occurred at or very near the parting-strip area for
each boot. The minimum temperatures are all below 50° F, with the
parting strip of boot B reading the lowest value of approximately 43° 7,
Photographs presented later in the discussion will show that the surface-
temperature distributions shown in figure 7(b) did not provide a com-
pletely ice-free boot surface for any of the boots investigated in the
icing condition listed.

Several curves showlng typicel varistions of measured local surface
temperatures with time are presented in figure 8, The time-temperature
curves were cbtained with the boots operating in an icing condition iden-
tical to that presented in figure 7. The curves are presented for var-
ious points on the surface of the boots and represent a portion of the
data from which the surface-tempersture-distribution curves of figure 7
were obtained. The values of s/c listed correspond to the spproximate
center of the most forward segments, upper and lower surfaces, of the
three boots., A comparison of figures 8(a), (b), and (c) shows that the
peak surface temperatures measured on the most forward segments of the
upper surface of the boots are lowered spproximately 10° F by the pres-
ence of an icing cloud. This relatively small drop in surface tempers-
ture Indicates the relatively small amount of impingement and runback
occurring over & large portlon of the upper surface at an angle of

ol
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attack of 2°. Comperison with figures 8(d), (e), and (f) shows that the
tempersture drop experienced on the lower surface of the boots is about
2.0 to 3.5 times as great as those measured on the upper surface for

the values of s/c shown. The irregularities end bresks noted in fig-
ures 8(d), (e), and (£) occurred at random intervals and are associated
with slow or incomplete shedding of ice, sliding of ice back over the
thermocouple Junctions, and freezing of water as the surface of the boot
falls below the freezing level. For example, the time-tempersture curve
presented in figure 8(e) shows rapid changes occurring in both the heat-
ing and cooling portions of the curve. The gbrupt rise in temperature
experienced at 6.5 seconds indicates a sudden removal of ice from the
surface at that time, while the break noted at 30 seconds 1s due to the
freezing of water on the swrface of the boot. :

The effect of angle of attack on the suwrface-temperature distribu-
tion for boot A operating in dry air and in icing is shown in flgure 9.
The temperatures presented are peak values measured at the end of the
individual heat-on periods. A considereble change in surface-temperature
distribution was observed when the angle of attack was changed from 2°
to 6° in dry air, as evidenced in figure'9(a). The largest effect was
the change in the temperstures of the parting strip and forward seg-
ments on the upper and lower surfeces. The 14° F drop in parting-strip
surface, temperature is due to the movement of the stagnation point to
the lower surface of the alrfoil. At hlgh angle of attack, the parting
strip has moved so that the local air velocities over it are high, which
results in higher convective heat transfer from the surface (the
parting-strip surface thermocouple was located at the stagnation point
for zero angle of attack).

In an icing condition, increasing the angle of sttack from 2° to
6° had practically no effect on the temperature distribution over the
upper surface of the boot (fig. 9(b)). The temperstures measured scross
the lower surface of the boot were higher for the higher angle of
atteck, while the parting-strip temperature was lowered aspproximately
5% F by the angle-of-attack increase. For the moderate icing condition
listed, the surface-temperature distributions shown in figure 9(b)
resulted in essentially complete shedding of ice from the boot surface
at both 2° and 6° angles of attack.

The effect of free-stream velocity on the surface-tempersture dis-
tribution measured for boot A in dry air and in icing is shown in fig-
ure 10. For the boot operating in dry ailr at an angle of 2°
(fig. 10(a)), increasing the free-stream velocity from 288 to 397 feet
per second resulted in lowered surface temperatures over the entire sur-
face of the boot. The greatest temperature decreases occurred in the
grea of the parting strip and forward cycled segments. A maximum
decrease of approximately 28° F was observed on segment ALl at an s/c
of 2.0 percent.
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The veriation of the surface-temperature distrlbutlion measured in
icing for the two values of free-stream velocity is plotted in fig-
ure 10(b). The surface temperstures measured gt the higher free-stream
velocity were all lower than those measured at a free-stream velocity
of 288 feet per second, with the exception of segments AUZ2 and AU3
(wper surface) which were relatively unaffected by the spprecisble
increase in velocity for the icing condition listed. The maximum
decrease 1n surface temperature occurred on the lower surface at an
s/c of epproximately 3.0 percent. The surface-temperature distribu-
tions shown in figure lO(b) resulted in complete shedding of ice from
the heated surface of the boot for both free-stream velocitles investi-
gated, ' ' . : .

Boot B was used to study the effect of lncreasing power density
(cycled areas) on measured surface-temperature distribution. The vari-
ation of surface-temperature distribution for various values of power
density and heat-on time is shown in figure 11. The lower dashed curve
represents the normal operstipg conditions for the boot (21.0 w/sq in.
for cycled area, 13.0 w/sq in, for perting strip, and a heat-on time
of approximetely 10 sec). For an icing condition heving a free-stream
total tempersture of 15° F, s free-stream veloclty of 395 feet per sec-
ond, a liquid-water content of 0.55 gram per cubic meter, and a droplet
diemeter of 12 microns, the normal cycle did not provide complete ice
shedding from the surface., Increasing the power density from 21 to
30 watts per square Inch and decreasing the heat-on time from 10.2 to
7.0 seconds, thus meintalning a constant input power of approximately
210 watt-seconds to each cycled segment, resulted in higher surface tem-
peratures for all cycled segments, as evidenced by the middle curve pre-
gented in figure 11. This more favoreble tempersiture distributlon
resulted in better shedding characteristics for the boot; however, com-
plete shedding was not attained. Maintaining the power density of
30 watts per square inch and opérating the boot at the normel heat-on
time of ebout 10 seconds resulted in the temperature distribution
represented by the upper (s0lid) curve of figure 11l. With the boot
operating at this over-design condition, complete shedding of ilce was
attained for each cycle. For the curves shown in figure 11, the parting
strip was operated continuously at a power density of 13.0 watts per
square inch., Operation at a power density of 30 watts per square inch
and a heat-on time of 10 seconds for approximately 30 minutes in the
icing condition listed in figure 1l had no apparent detrimental effect
on the boot. :

Typlcal variations of local surface temperature measured at a value
of 's/c of 8.86 percent, upper and lower surfaces, for boot B in ilcing
are shown in figure 12 for several values of power density and heat-on
time. The temperatures were measured.at the approximate center of seg-
ments BUZ and BLZ and in an icing condition identical to that presented
in figure 11. In figure .12(b) it can be noted that, for a power density

98L2
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of approximetely 30 watts per square inch, the temperature measured at
the center of segment BL2 rose to approximately 32° F even before heat
was applied to that segment. This rise was probably due to runback
resulting from the spplication of heat to segment BL1l forward of BLZ.

A limited number of temperature measurements made on the aluminmum
skin beneath the boots showed that the fluctuatlons of aluminum skin
temperatures with time were only of the order of 10° F during the time

interval (l% min) required for one complete cycle. These rather small

fluctuations in skin temperature result from the cycle ratio and heat-on
time employed and from the therma) insulating properties of the boots.
For a cycle ratic of 10 and a heat-on period of 10 seconds, the residusl
heat in the boots is not dissipated into the sluminum skin during the

short hesat-off period of l% minutes. Measurements on the upper surface

of the airfoil model beneath boot B showed the maximum sluminum skin tem-
peratures to vary almost lineariy with s/c from & maximum of 85° F
messured beneath the parting strip to a value of 47° F bencath segment BU3
for the following operating conditions: normel cycle, dry air, deslgn
power density, free-stream total tempersture of 15° P, free-stream velocity
of 398 feet per second, and angle of attack of 20, 8kin temperstures
measured at isolated points beneath the other two boots indicate that the
aforementioned values of skin temperature and temperature fluctuation are
typical for all boots investigated,

General De-Tcing and Runback Characteristics

The icing and rumback characteristics of boots A, B, and C operating
with the local surface temperatures and the temperature distributions
presented in figures 7 and 8 are shown in figure 13. The photographs
show the appearance of the upper surface of the boots after 14 and
22 minutes in the following lcing conditions: free-stream total tem-
perature, 15° F; free-stream velocity, 396 feet per second; liquid-water
content, 0.57 gram per cubilc meter; and angle of attack, 2°. It ie
apparent that, for these lcing conditions, none of the boots provide
complete shedding of lce from the surface for operation at design power
densitles and heat-on time. For longer periods of time in the ghovemen-
tioned icing condition, the emownt of ice adhering to . boots B and C
remained relatively unchanged, while the amount of ice adhering to
boot A increased slightly, whlch indicated that boot A provides only
merginal icing protection for the condition listed. The photographs -
showing boots A and B indicate the smount of residual ice after the
application of heat to segments AU3 and BU3. The photograph of boot C
was taken the instant heat was discontinued on segment CU2 and applied
to segment CU3. The ice adhering to segments CU3 and CU4 shed clesn
. When heat was gpplied to these segments,
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The photographs shown in figure 13 are typical of the comparatilve
de~icing characteristics of the boots operating in similer icing condl-
tions. 1In general, for the icing conditions investigated, no appreci-
able differences in the performaence characteristlcs of boots B and C
were observed. Boot B had a fine-textured clothlike surface as compared
wilth the smoother surface of boot C, but thils slight difference in sur-
face roughness haed llttle or no effect on lce removal. As evidenced in
figure 13, the amount of icling protection afforded by boot A was
slightly lower than that of the othexr two boots; and, hence, the boot
provides marginal protection at a slightly higher value of free-streanm
temperature than does boot B or C, other conditlione being egqual. In .
general, for a free-gtream veloclty of about 395 feet per second, an
asngle of attack of 2° and a liquid-water content of 0.5 to 0.6 gram per
cubic meter, the range of free-stream total temperatures at which the
icing protection afforded by the various boots became marginal was from
12° to 15° F. The slightly lower performance characteristics observed
for boot A are attributeble to the internal construction of the boot.
The presenhce of rather large bus bars (whlch act as heat sinks), small
unhested areas between all cycled segments, and heater wires rumnning
parallel .to the airflow at 1/8-inch spacing all contribute to local
cold spots from which ice fails to shed during heat-on time. The ice
adhering between segments of boot A (fig. 13) is typical of the icing
characteristics of the boot. 1In some cases the lce adhering wetween
segments formed ahead of and behind the small unheated areas between
segments to a length of 1 inch or more without adhering to the heated
areas. In figure 13(a) it can be noted that considersble ice has formed
on the unheated ares between the parting strip and the forward cycled

segment.

A comparison of figures 13(a), (b), and (c) shows that the runback
pattern obtained far the boots in the lcing conditlon listed is quite
similar, with no rumbeck occurring on the aluminum skin behind the boot
scarf, The rumbsck is a smooth cleear ice farmation not exceeding
1/8'inch in thickness on the upper surface.

At values of free-stream total temperature of approximately 15° F
and less and for velocities of spproximately 395 feet per second, the
runback wes limited essentially to the scarf eareas for an arngle of
attack of 22 and liquid-water contents to 0.6 gram per cubic meter.
However, since the boots did not maintain the surface clear of ice at
these lower temperatures, the detrimental effect of the small amount of
runback 1is probably slight in comparison with that due to ice accretions
observed on the upper surface near the leading edge.

The runback pattern obtained on boots A and B after 56 minutes in
icing at a free-stream total temperature of 20° F and a liquid-water con-
tent of 0.54 gram per cubic meter is ‘shown in figure 14 for a free-stream
velocity of 396 feet per second snd & 2° angle of attack. The thickness

aR/) 2.
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of the rumback ice shown in figure 14 was about the same for both boots,
measuring epproximately 1/8 inch thick on the upper surface and 1/4 to
5/16 inch thick on the lower surface. With the boots operating at
design power densities and a heat-on time of 11.0 seconds, the heated
portion of the boots shed completely clear of ice on each cycle. In
genersl, at the higher tunnel alr temperatures and for a free-stream
velocity of approximately 395 feet per second, the runback increased

in thickness and chordwlse extent because .of the longer time at which
the boot surface remained sbove the freezing level efter a heat-on
period.

The runback pattern obtained on boots A and B after 32 minutes aof
operation in lcing at the lowest value of free=-stream velocity lnvesti-
gated (288 ft/sec) is presented in figure 15. The runback pattern was
obtained in an icing condition having & free-stresm total temperature of
20° F, a ligquid-water content of 0.66 gram per cubic meter, and & drop-
let size of 14 microns. The boots were operated at design power density,
a hest-on time of 10.0 seconds, and an angle of attack of 2©, The run-
back pattern and nature of the ice formatlons observed on the upper and
lower surfaces of both boots were found to be very similar. The run-
back ice was rather clear and smooth. On the lower surface, the run-
back ice formed a solid sheet approximately 1/4 inch thick for a dis-
tance of epproximetely 3 to 4 inches behind the heated area before .
changing into a rivulet-llke formatlon which extenfied back an addltional -
4 to 8 inches. On the upper surface of the sirfoil, the rumback ice was
approximately 1/8 inch thick with thin rivulet-type lce formstions
extending as far back as 12 inches behind the heated area.

As can be noted from a comparison of figures 14 and 15, the effect
of decreasing speed In a given lecing conditlion is an increase in chord-
wise extent of runback icing, with a corresponding decresse in runback
ice thickness. Although figures 14 and 15 present runback patterns
obtained in different iecing conditions, the conditlons sre not so dif-
ferent as to preclude a comparison or an effect due to changes in free-
stream velocity. : )

The runback patitern obtalned on the upper and lower surfaces of
boots A and C efter 32 minutes of operation in an icing condition similasr
to that presented in figure 14 is shown in figure 16. The rumback pat-
tern was obtained in the following icing condition: free-stream total
temperature, 20° F; liquid-water content, 0.55 gram per cubic meter;
droplet size, 14 microns. The boots were operated at design power den-
slties, a heat-on time of 10.3 seconds, and an angle of sttack of 2°..
For boot A, runmback ice occurred on the aluminum skin behind the boot
trailing edge 3 whereas, for boot C, the rumback ice is confined to the
scarf area. Thls apparent difference in runback pattern is probably due
to the difference in design of the scarf srea of the two boots. The
scarf of boot A tapers from 1/8-inch thickness Just behind the heated
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ares to almost a feather edge at the trailing edge of the boot. Boots A
and B are designed to be mounted onto the basic alrfoll, whereas boot C
is designed so that, when mounted on the airplane, the outer surface of
the boot is flush with the basic airfoll contour. For this investiga-
tion, boot C was cemented onto the leading edge of the airfoil model,
and, hence, a sharp step-off of 1/8 inch existed at the trailling edge

of the boot. If thils difference 1n {ralling-edge design did not exist,
it is probable that the runback dbtained on boot C would be very similar
to that obtained for the other two boots.

In an icing condition for which the free-stream total temperature
was. 200 F, the free-stream veloclty 395 feet per second, and the angle of
attack 2°, no secondary bulldup of runback ice was observed for opera-
tion in clouds composed of droplets whose diameters were less than
15 microns, When larger droplet diameters were employed, direct impinge-~
ment occurred on the runback ice, and the typical mushroom-ice forma-
tions assoclated with higher~temperature iclng were cbserved on the
lower surface behind the heated portion of the boots. At times the
mushroom ice attained a height of 2 to 2% inches before being removed
by the aerodynamic forces. For a free-stream totel temperature of 25C F
and high liquid-water contents, the effective parting strip became very
wide, extending at times beyond the center of the forwsrd segments. In
addition, in some instances the entire upper or lower surface of the
boots was observed to be gbove the freezing temperature for a short
interval of time, During this interval, runback, of course, occurred
over the entire surface. . Because of the nature of the cooling curves
and the manner in which the boots were cycled, the surface temperature
of the forward segments did not cool to 32C F before the aspplication of
povwer raised the temperature of the reermost segments above the freezing
value. For example, for boots A and B operating at 10-seconds heat-on
time, the surface temperature of segment U3 will exceed 32° F approxi-
mately 12 seconds after heat 1s dlscontlnued on segment Ul.

Boots A and B were investigated in en icing condition having a free-
stream total temperature of 0° F, a free-stream velocity of 400 feet per
second, and a liguid-water content of 0.56 gram per cubic meter. Their
icing characteristics in this condition st normal power densitiles but at
approximately ll-seconds heat-on time are shown in figure 17. Photo-
graphs were tsken after 6 and 22 minutes in the icing condition. Both
boots began icing on the forwerd cycled segments, upper and lower sur-
faces, from the beginning of the ilcing exposure., After 15 minutes of
icing, the parting strip of each boot was narrowed by epproximately
1/2 inch because of the building forward of ice from the cycled area.
The parting strip of each boot was completely bridged with ice after
20 minutes in the icing condition. In order to determine the de-icing
ability of the boots after leaving an iecing condition, the tunnel cloud

QR 7
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was discontinued efter 22 minutes while boot power remsined on. After
9 minutes of cyclic operation in clear air, no ice was removed from the
surface of either boot.

As a result of the lcing investigation, it wes found that the for-
ward cycled segments, upper and lower surfaces, were the most critical
areas for the three boots investigated. Bridging of the parting strip
occurred at the more severe icing conditions included in the investiga-
tion. In some cases, parting-strip surface temperatures in excess of
75° F were recorded without effecting removael of the ice cep. Although
considersble melting occurred beneath the ice cep and the resulting water
melted holes through portlons of the csp, the inability of the forward
cycled segments to melt the bond prevented ice removal,

SUMMARY OF RESULTS

The following results were obtained from an icing investigation of
three production samples of electric, cyclic de-icing boots.

1. The forward cycled segments, upper and lower surfaces, of all
three boots were the most critical areas for the icing conditions investi-
gated.

2. Unheated areas as small as 1/8 inch wide occurring in the heated
surface of an externsl, rubber~clad, electric, cyclic de-icing boot
contributed to local c¢old spots on which ice forms,

3. The runback charscteristics of the three boots were similar,

4. The performance characteristics of two of the three boots were
very similar, The lcing protectlon afforded by the boot having smsall
unhested areas existing between segments was slightly less than that of
the other two boots.

5. For lcing conditlons investlgated at free-stream total tempera-
ture of 15° F and less, the detrimental effect of the small amount of
runback ice cbserved is probably smell in comparison with the effect of
ice adhering to the surface of the boot Just aft of the parting strip
because of incomplete shedding.

6. For a free-stream velocity of 395 feet per second and an angle of
attack of 2°, the range of free-stream total temperatures at which the
icing protection afforded by the various boots became merginal was from
12° to 15° F for the velues of liquid-water content included in the
investlgetion.

Iewis Flight Propulsion ILaboratory
Netional Advisory Committee for Aeronsutics
Cleveland, Ohio
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Figure 1. ~ Installation of alrfoll model in test assctlon of icing research tummel.
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(b) Chordwise shedding.

Figure 2. - Schematic drawing of de-lcing-

boot instdllation showing spanwise and
chordwise shedding.
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(a) Boots A and B.

{(b) Boot C. W

Flgure 3. - Segment notation for de—i?ing booté used in investigation.
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Figure 4, - Intermal construction of verlous boots used in investigation.
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(b) In ieing. Liguid-vater content, 0,57 gram par cubic metar; droplet dlewster, 12 microns.

Figure 7. - Variation of surface-temperaturs diastribution for boots A, B, and C measured in dry
air and in fcing, ¥ree-siream total temperaturs, 15° ¥; fres-stream valooity, 398 feet per
second; mngle of attack, 2°; heat-on time, 10,2 seconds; cyele ratio, 10.
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Surface temperature, OF
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(a) Boot segment AUl. Surface distance/chord

length,

3.63 percent.
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(b) Boot segment BUL. Surface distance/chord length, 3.54 percent.
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{c) Boot segment CUL. BSurface dd.stance/ chord length, 3.07 percent,

Figure 8. ~ Typical varilation of local surface temperature, upper and lower
surfaces, measured in dry eir and in icing for three boots. Free-stream
total temperature, 15° F; free-stream velocity, 386 feet per second;
liquid-water content, 0.57 gram per cublc meter; droplet diameter, 12
microns; angle of attack, 29; heat-on time, 10.2 seconds; cycle ratio, 10.
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(£) Boot segment CL1. Surface distance/chord length, 2.92 percent.

Flgure 8. - Concluded. Typlcel variatlion of local surface temperature,
upper and lower surfeces, measured in dry slr and In lcing for three
boots. Free-stresm totsel temperature, 15° F; free-stream velocity,
396 feet per second; liquld-water content, 0.57 gram per cubic meter;
droplet dismeter, 12 microns; angle of attack, 2°; heet-on time, 10.2
seconds; cycle ratio, 10,
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Flgure 11. - Variation of surface-temperature distribution measwred in icing for various values
of hegt-on time and power density. Boot B; free-gtream total temperature, 15° F; free-stream
veloelty, 395 feet per second; liquid-water content, 0.55 gram per cubic meter; droplet dlam-
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Surface temperature, OF
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Figure 12. - Variation of local surface temperature at &s/c value of
8.86 percent, upper and lower surfaces, for various valuesg of heat-on
time and power density. Boot By free-stream total temperature, 150 F;
free-ptream velocity, 395 feet per second; liquid-weter content, 0.55
gram per cublc meter; droplet diameter, 12 microns; angle of attack, 20
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{c) Boot C after 2Z minutes in iclng.

Figure 13, - Appearance af upper surfaos of bootm A, B, and C after seweral minutes In similar icing conditiona, Free-
stream total temperature, 159 F; fres-siream veloclty, 596 feet per secomd; liquid-water combtent, 0.57 gram per oubie
meter; droplot dlameter, 12 microms; angle of attack, 2°; heat-on time, 10.2 secomds; normal power denalties.
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(a) Lower surface. ’ {b) Upper surface.
C-30276 : ' €-30275

Figurs 14. - Runback pattern cbtained on boots A and B after 56 minutes in icing. Free-
stresm total htemperature, 20° F; free-stresm veloclty, 396 feet per second; ligquid-water
content, 0.54 gram per cublc meter; drople} ddameter, 12 microns; angle of attack, 29;
heat-on time, 1l secéorids; heat-off time, 1% minutes; normal power densliles.
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C-30320

(a) Upper iéu.t_'fa.ce .

Figure 15. - Runback pattern obtained on boots A and B after 32 minutes In lcing. Free-
stream totel temperature, 20° F; free-mtream veloclty, 288 feet per second; liquid-water
content, 0.66 gram per cubic meter; droplef dlameter, 14 microns; asngle of attack, 20;
heat-on time, 10.0 seconds; design power densitles.
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C 30294
(b} Lower surface.

Figure 15, - Concluded. Runback pettern obtained on boots A and B efter 32 minutes In
lcing. Free-stream total temperature, 20° F; free-siream velocity, 288 feet per second;
Hguid-water content, 0.66 gram per cublic meter; droplet dlameter, 14 microns; angle of
attack, 2°; heat-on time, 10.0 seconds; design power densitiles.
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(a) Upper surface.

Figure 16. - Runback pattern cbtained on boots A and C after 32 minutes In lcing. Free-~
stream total temperabure, 20° F; free-stream veloclty, 397 feet per second; liquid-
wvater content, 0.55 gram per cubic meter; droplet dlameter, 14 microns; angle of
attack, 29; heat-on time, 10.3 secands; design power densitiles.
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(b) Lower surface. C-30357

Figure 16. - Concluded. Rumback pattern obtalned on boots A and C after 32 mlnutes In
fcing. Free-stream total temperature, 20° ¥; fres-gtream velocity, 397 feet per second;
liguld-water cantent, 0.55 grem per cubic meter; droplet dlsmeter, 14 microns; angle of
attack, 2°9; heat-on time, 10.3 seconds; design power densitles.
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(o) Boot A after 22 minutea in loing. c-30221 {4) Boot B after 22 minutes in icing,
Figure 17, - Appesrance of boots A and B after 6 and 22 minutes in lcing. Free-gtream total temperaturs, 0° F; free-

direem veloclty, 400 fee} per secomd; liquid-water combtent, 0.56 gram per cubio meter; droplet dlameter, 10 microns;
angle of attack, 2°; heat-on time, 11 msoconds; normal pawer densitiea.
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